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RESUME 
La Bioretention est une technologie émergente qui utilise des plantes pour le 
traitement des polluants des eaux pluviales. Des amendements chimiques tels que 
des chélateurs ou des acides organiques peuvent être ajoutés pour augmenter 
l'efficacité du stockage des polluants sous forme de plantes. Les processus qui 
contrôlent le déplacement des contaminants peuvent être modélisés pour déterminer 
les paramètres d'utilisation et la conception du système de traitement. Un modèle a 
été 
développé avec FlexPDE pour représenter les processus de l'advection, de la 
diffusion, de la complexation, de la sorption et du stockage des métaux dans les tiges 
et les racines végétaux. Les résultats sont comparables à ceux obtenus en études 
expérimentales effectuées avec EDTA pour augmenter l'accumulation du métal par 
Lolium perenne. 
ABSTRACT 
Bioretention is an emerging technology which employs plants for the sustainable 
removal of metal and organic pollutants from stormwater. Chemical amendments 
such as chelators and organic acids can be added to increase plant uptake efficiency. 
The processes which determine contaminant removal are mobilisation, sorption, 
uptake, translocation and sequestration. Modelling of these processes can be carried 
out to determine design and operating parameters for the treatment system. This 
paper presents a FlexPDE model for advection, diffusion, complexation, sorption and 
partitioning occurring within the plant tissues. Results are comparable to those 
obtained in experimental studies carried out using EDTA to increase metal uptake by 
perennial ryegrass (Lolium perenne). 
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1 BACKGROUND - STORMWATER BIORETENTION  
Bioretention systems have been promoted as a biological stormwater treatment 
system. They are engineered devices employing permeable filter media for 
contaminant retention, and plants to transport contaminants to shoot tissue for 
removal. Plants suitable for stormwater treatment must be tolerant to a range of 
contaminants, poor soil fertility, intermittent waterlogging, drought and regular 
harvesting. In addition, they must be capable of rapid biomass gain and high metal 
sequestration. Grasses such as perennial ryegrass (Lolium perenne) (Hooda and 
Alloway, 1994; Kirk et al., 2002), orchard grass (Dactylis glomerata) (Rasmussen and 
Olsen, 2004), and vetiver grass (Vetiveria zizanioides) (Chen et al., 2004; Xia, 2004) 
have been studied for phytoremediation applications in both metal- and organic-
contaminated soils. Grasses have extensive and fibrous root systems, with a large 
surface area for contaminant interception. Perennial ryegrass is a common species 
which germinates easily, grows rapidly and tolerates occasional dry periods, 
inundation and harvesting (mowing).  
To be successful, bioretention systems must facilitate a high rate of metal uptake to 
above-ground plant biomass for harvesting. Naturally-produced or supplementary 
amendments may be utilized to increase plant uptake of contaminants. Organic 
amendments include chelators (Blaylock et al., 1997; Robinson et al., 1999; Wong et 
al., 2004; Wu et al., 2004), surfactants (Cameotra and Bollag, 2003; Hong et al., 
2002; Zheng and Obbard, 2000) and organic acids (Neunhauserer et al., 2001; Wu et 
al., 2002). Heavy metals bound by these amendments generally have higher water 
solubility and lower toxicity, two factors for improving metal uptake by plants. By 
concealing the metal inside an organic compound, the chelates can allow the plant 
plants to take up and accumulate metals to far higher levels than could usually occur. 
The translocation of the compound from roots to shoots is fundamental to plant metal 
uptake (Lombi et al., 2001) and the success of bioretention systems in practice, 
therefore it is essential to use a combination of plants and amendments which provide 
a high contaminant uptake rate. 
This paper reports on efforts towards developing a mathematical model for the effects 
of soil amendments on plant uptake and transport of heavy metals from a bioretention 
system. The model has been based on parameters derived from laboratory studies 
with perennial ryegrass and the soil amendment ethylenediaminetetraacetic acid 
(EDTA). It incorporates basic chemical and physiological processes to describe the 
uptake and distribution of metals in plant tissues. With the availability of data on 
relatively measurable plant properties such as cation exchange capacity (CEC) and 
transpiration rate, this model may be used to rapidly screen plant species for their 
phytoremedial potential. The effect of chemical amendments may also be modelled in 
this way, to enable assessment of their effectiveness in improving metal uptake. It is 
hoped that this model may be used to assist stormwater specialists in the design of 
bioretention systems. 
2 MOBILISATION AND UPTAKE PROCESSES 
Metal mobility in the soil is influenced by processes such as acidification, chelation 
and complexation. Soil-attached metals may be released into solution by the addition 
of various amendments. Bacteria and plants mobilize metals and organic compounds 
for uptake by excreting a vast array of organic compounds (Burken and Schnoor, 
1996; Grayston et al., 1997; Yoshitomi and Shann, 2001). Synthetic chemicals can 
also be employed for the mobilisation of nutrients and contaminants for uptake.  
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The distribution of the metal between free and complexed forms can be found from 
the complex stability constants (equations 1 and 2, table 1). 
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Kstability Equilibrium stability constant 
[M] Molar concentration of free metal ions 
[L] Molar concentration of complex ligands 
[ML] Molar concentration of complexed metal 
C Equilibrium concentration of solute in solution 
C* Sorbed concentration in equilibrium with solution 
Cmax Maximum mass of solute that can be adsorbed by the surface 
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Kads Adsorption constant 
f Fraction of solid surface in contact with mobile phase 
s Quantity of sorbed metal per unit mass of soil 
Kd Partition distribution coefficient between solid and solute phase 
Koc Partition coefficient between organic carbon and water 
foc Fraction of organic carbon in the solid 
Kow Partition coefficient between octanol and water 
δC/ δt Change in solute concentration 
Dd Diffusion coefficient 
δC/ δx Solute concentration gradient 
C Solute concentration 
Dx Dispersion coefficient in the x-direction 
Dy Dispersion coefficient in the y-direction 
u Fluid velocity in the x-direction 
v Fluid velocity in the y-direction 
Table 1 Process Equations 
Sorption 
Sorption of metals is due to binding and electrostatic attraction by a limited number of 
cell surface cation exchange and binding sites on the root surface. The type and 
number of these sites varies by species due to the composition of root cells and the 
functional groups they present. The Cation Exchange Capacity (CEC) is a measure of 
exchange sites and is typically determined by quantifying proton exchange with root 
surfaces. This is a relatively simple process and could be employed to rapidly screen 
plant species for their biosorptive potential. The Langmuir Isotherm (equation 3, table 
1) has generally been found to provide a good fit for metal sorption to plant biomass 
(Chen et al., 1996; Sun and Shi, 1998; Vijayaraghavan et al., 2006; Villaescusa et al., 
2004) and  root tissue (Bhainsa and D’Souza, 2001). It represents solute sorption to a 
finite number of exchange sites. The sorption of free metals from solution is given by 
equation 4 in table 1.  
The sorption of metals to root surfaces is influenced by chelating agents in solution. 
For example, the sorption of Cu2+ and Zn2+ to the plasma membrane of wheat roots is 
reduced by the presence of citric and malic acid chelating agents (Vulkan et al., 
2004). The complexed metal would not be expected to be sorbed directly to exchange 
sites. The coefficient for the partitioning of complexed metals to the organic fraction of 
plant tissue is given by equation 5 and 6 in table 1, where equation 6 is the widely-
used correlation from Karickhoff (1981). The octanol-water partition coefficient (Kow) is 
a physical property of the amendment, which can generally be readily obtained from 
the literature. The proportion of organic carbon in tissue is used to estimate organic 
partitioning to plant materials (Collins et al., 2006).  
Uptake  
Metal uptake by plants differs between species, metals and soil type. Mobilised 
metals are able to bind to sites in the root cell walls (Wang et al., 1992) and plasma 
membranes (Briat and Lebrun, 1999). Membrane surface potentials influence the rate 
of ion flux through cells (Kinraide, 2001). For the purposes of creating a usable 
model, diffusive transfer across the root cortex has been assumed to follow Fick’s 
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Second Law (equation 7, table 1), where the change in solute concentration is 
proportional to the solute concentration gradient. 
Transport 
The transpiration stream is the driving mechanism for contaminant transport, which is 
dependent on plant characteristics and environmental conditions. The xylem is part of 
the vascular bundle in the central stele of roots, stems and leaves, conducting water 
and mineral nutrients to the upper parts of the plant for transpiration and growth 
(Strafford, 1970). The majority of root-to-shoot ion transport occurs in the xylem 
(Humphreys, 1988), which consists of hollow elongated cells. Advective transport is 
assumed to dominate the translocation processes in the model. Equation 8 in table 1 
describes advection and dispersion. 
MODEL STRUCTURE 
The model has been developed using FlexPDE v.5.0.12 (PDE Solutions, Inc.) and 
incorporates seven regions to represent the plant tissues. 
The bulk solution represents the soil solution containing the contaminant. In this case 
it is assumed that there is no solid soil component to the bulk phase and the solution 
is moving with velocity in x and y. The mass of the bulk solution is large compared to 
the plant mass, which ensures the concentration in this compartment remains 
relatively constant. 
In the model, the root apoplast represents the outer surface and the intercellular free 
spaces within the root. Sorption of metal ions can take place on the exterior surfaces 
of cell walls within the root tissue. The apoplast has been modelled as 50% of the 
cortical tissue, and has sorption sites available for cation exchange. 
The root symplast describes the volume of the cell cytoplasm (contained within the 
plasma membrane) linked via plasmodesmata (channels) to adjacent cells. The 
model assumes that concentration gradient-driven diffusion is the major transport 
process in the symplast. 
The xylem conducts the transpiration stream from the symplast to the leaves, with 
advection the main process. The model assumes that free ions are not sorbed to the 
xylem cells and the leaf accumulates metals transported from the xylem, with a small 
fraction of outflow in the phloem. There is no loss of solute to the atmosphere. 
Equations 
A system of partial differential equations links the process equations for each 
compartment. The complete model equation describing advection, dispersion and 
Langmuir-type sorption for free metals is given by equation 9 in table 1. This is linked 
to the concentration of complexed metals (equimolar complexation ratio) by equation 
10 in table 1. The sorption of free metals and the partitioning of complexed metals are 
calculated by equations 11 and 12 in table 1. The two dimensional model developed 
in FlexPDE uses a Newton-Raphson iteration method with a time step of 0.1 days. 
Parameters 
Relative masses of L. perenne roots, stem and leaves and the moisture content of 
these tissues were determined in the laboratory and used to define input values for 
the model (summarized in table 2). Experiments were undertaken to determine the 
Cation Exchange Capacity (CEC) of the roots of L. perenne using the methods of 
SESSION 4.2 
890 NOVATECH 2007  
 
Heintze (1960) and Crooke (1964) for intact roots and ground leaves and stems. 
Langmuir constants for the model have been determined in laboratory studies using 
L. perenne. The transpiration rate for the model plant was determined in the 
laboratory and is averaged over 24 hours in this model. The proportions of model 
regions were estimated from laboratory measurements.  
 
Parameter Unit Value 
Root Cation Exchange Capacity, βroot μg/g 1600 
Leaf Cation Exchange Capacity, βleaf μg/g 14000 
Langmuir Affinity Constant, α m3/g (L/mg) 2.9 
Diffusion Coefficient m2/d 8E-7 
Root Moisture Content % 96 
Leaf Moisture Content % 86 
Root Organic Carbon % 4 
Leaf Organic Carbon % 14 
Transpiration Rate Ld-1g-1-shoot tissue (live) 0.0031 
Root Fresh Mass g 0.33 
Shoot Fresh Mass g 0.29 
Fresh Bulk Density g/L 1000 
Volumetric Moisture Content  % 80 
Total Root Length m 0.4 
Total Shoot Length m 0.4 
Xylem Diameter mm 0.1 
Symplast Diameter mm 0.3 
Apoplast Diameter mm 0.5 
Leaf Diameter mm 0.5 
Log Kow EDTA  -5.01 
Log Kstability EDTA   20.5 
Table 2 Model Parameters 
MODEL SIMULATION 
  
Figure 1 Comparison of model simulations and laboratory data for the effect of EDTA on the 
uptake of copper by L. perenne 
 
SESSION 4.2 
NOVATECH 2007  891 
 
Uptake kinetic tests were carried out with L. perenne in full strength Hoagland’s 
nutrient solution with 10mg/L Cu(II) and an equimolar concentration of EDTA added. 
Intact plants were harvested weekly and sectioned into root and shoot tissue which 
was digested and analysed for copper content. Data from these experiments are 
shown in figure 1.  
To model copper uptake, the equations were applied to a simple geometry 
representing the regions of the plant. Results from the FlexPDE model can be 
compared to results obtained from the laboratory experiments. The trends simulated 
by the model for the accumulation of copper in the shoot (figure 1) and root tissue 
(not shown) correspond with those observed in the laboratory experiments. 
Partitioning experiments for the sorption of complexed metals to plant tissues would 
be valuable in enhancing the accuracy of the model. 
CONCLUSIONS 
The model developed in FlexPDE conceptually represents the major processes and 
variables influencing plant uptake of free and complexed heavy metals, with results 
comparable to those obtained from laboratory studies. The model can be adapted for 
other potential amendments and plant species. Required input parameters for the 
amendment such as complex stability and partitioning coefficients may be determined 
from available chemical data. The plant regions and geometry are adaptable to other 
species, in addition to the measurable values for plant dimensions, cation exchange 
capacity and transpiration rate. Additional data would be required from laboratory 
experiments to evaluate the key parameters and provide a basis for calibration. In 
particular, sorption isotherms for plant tissues (roots, stems and leaves) will be 
valuable for improving the accuracy of the model. A further kinetic study of metal 
uptake into plant tissues will be worthwhile to verify modelled patterns of transport 
and accumulation. In this way, the model can be used for assessing potential 
amendments and plant species for use in bioretention systems. 
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